ABSTRACT
INTRODUCTION
FMS-like tyrosine kinase-3 (FLT-3) is a member of class III receptor tyrosine kinases, which is activated by FLT-3 ligand-dependent dimerization and autophosphorylation, resulting in progrowth and prosurvival signaling through STAT-5, Ras/Raf/ERK1/2, and PI3K/ AKT pathways (1, 2) . Activating length mutation (LM), e.g., internal tandem duplication of the juxtamembrane domain, or the point mutation at the aspartate 835 within the tyrosine kinase domain of FLT-3 has been reported to occur in approximately one-third of patients with acute myelogenous leukemia (AML; Refs. 1, 2). These mutations lead to autophosphorylation and constitutive and ligand-independent activity of FLT-3 tyrosine kinase (1, 2) . When transduced into primary murine bone marrow progenitor cells, mutant FLT-3 can induce a myeloproliferative disorder. In addition, FLT-3 mutation can transform and confer a leukemogenic potential in the mouse myeloid cells (3, 4) . Several studies have indicated that the presence of FLT-3 LM or tyrosine kinase domain mutations confer poor prognosis in AML (1, 2, 5) . On the basis of the success of imatinib against Bcr-Abl (6), several inhibitors of FLT-3, including PKC412, have been developed and are being tested in patients with AML (7, 8) . But unlike imatinib in chronic myelogenous leukemia, thus far, FLT-3 kinase inhibitors as single agents have yielded limited clinical success (2) .
FLT-3 has been demonstrated to be a bona fide client protein for the chaperone heat shock protein (hsp) 90 (9) . Treatment with hsp90 inhibitor, herbimycin A, radicicol, or 17-allylamino demethoxy geldanamycin (17-AAG) was shown to disrupt the chaperone association of FLT-3 with hsp90, directing FLT-3 to poly-ubiquitylation and proteasomal degradation (9, 10) . A number of well-characterized, newly synthesized, or stress-denatured client proteins, including cRaf, AKT, and FLT-3, require interaction with hsp90 to maintain a mature, stable, and functional conformation (11, 12) . This is achieved by hsp90 through its ability to bind and release client proteins, which is driven by ATP binding and hydrolysis (11) (12) (13) . ATP/ADP binding to a hydrophobic NH 2 terminus pocket alters hsp90 conformation resulting in its interaction with a cochaperone complex that protects or stabilizes the client proteins or with an alternative subset of cochaperones that directs the misfolded proteins to a covalent linkage with polyubiquitin and subsequent degradation by 26S proteasome (11) (12) (13) . Benzoquinone ansamycin antibiotic geldanamycin and its less toxic analog 17-AAG directly bind to the ATP/ADP binding pocket, thereby replacing the nucleotide and inhibiting hsp90 function as a molecular chaperone for the client proteins (11) (12) (13) . By blocking ATP binding to hsp90, 17-AAG stabilizes the hsp90 conformation that recruits hsp70-based cochaperone complex associated with the misfolded client proteins, which results in the ubiquitin-dependent proteasomal degradation of the client proteins (11) (12) (13) . Because treatment with 17-AAG not only down-regulates FLT-3 but also the downstream progrowth and prosurvival signaling molecules, AKT and c-Raf (11) (12) (13) , this raises the issue whether cotreatment with 17-AAG would augment the cytotoxic effects of the FLT-3 kinase inhibitor, PKC412. In the present studies, we demonstrate for the first time that treatment with the combination of 17-AAG and PKC412 exerts synergistic cytotoxic effects against cultured human leukemia cells containing FLT-3 LM. This is associated with marked attenuation of the levels of FLT-3 and p-FLT-3, as well as down-regulation of the levels of p-STAT5, p-AKT, p-ERK1/2, and transactivation by STAT5. Significantly, also, in primary AML cells that contain the activating LM or tyrosine kinase domain mutation in FLT-3, the combination of 17-AAG and PKC412 induced more apoptosis than either agent alone.
Systems, Inc. (Minneapolis, MN) . Antibodies for the immunoprecipitation and/or immunoblot analyses of hsp70, hsp90, p-AKT, AKT, ERK1/2, and poly(ADP-ribose) polymerase were obtained, as described previously (14 -16) .
Cell Culture. Acute leukemia MV4-11 (containing a 30-bp long internal tandem duplication in the exon 14 of FLT-3) and RS4-11 (containing wild-type FLT-3) cells were obtained from American Tissue Culture Collection (Manassas, VA) and maintained in culture in RPMI medium containing 10% fetal bovine serum and passaged twice a week, as described previously (14 -16) . Logarithmically growing cells were exposed to the designated concentrations of 17-AAG and/or PKC412. After these treatments, cells were pelleted and washed free of the drug(s) before the performance of the studies described below. Primary leukemia blasts from four patients with AML in relapse were harvested and purified, as previously described (14) , from the peripheral blood or bone marrow after informed consent as a part of a protocol study sanctioned by the local Institutional Review Board.
Flow Cytometry for Cell Cycle Status. The flow cytometric evaluation of the cell cycle status of cells was performed, as previously described (17, 18) .
Assessment of Percentage of Nonviable Cells. Primary AML cells were stained with trypan blue (Sigma, St. Louis, MO). The numbers of nonviable cells were determined by counting the cells that showed trypan blue uptake in a hemocytometer and reported as percentage of untreated control cells.
Apoptosis Assessment. Untreated and drug-treated cells were stained with Annexin-V and propidium iodide, and the percentage of apoptotic cells were determined by flow cytometry, as described previously (16) . Analysis of synergism between 17-AAG and PKC412 in inducing apoptosis of MV4-11 cells was performed by median dose effect analysis using the commercially available software (Calcusyn, Biosoft, Ferguson, MO; Ref. 19) .
Morphology of Apoptotic Cells. After drug treatment, 50 ϫ 10 3 cells were washed with PBS (pH 7.3) and resuspended in the same buffer. Cytospin preparations of the cell suspensions were fixed and stained with Wright stain. Cell morphology was determined by light microscopy. In all, five different fields were randomly selected for counting of at least 500 cells. The percentage of apoptotic cells was calculated for each experiment, as described previously (17, 18) .
Flow Cytometric Analysis of p-FLT-3 and FLT-3. For surface FLT-3 expression, the cells were incubated with either 0.2 g of anti-FLT-3 antibody (sc-19635; Santa Cruz Biotechnology, Inc.) or concentration-matched isotype, control antibody (IgG1; Caltag, Burlingame, CA) diluted in the blocking buffer and kept on ice for 1 h. Cells are then washed twice in PBS (1ϫ) and incubated for an additional 30 min on ice in the FITC-conjugated secondary antibody (Molecular Probes, Eugene, OR). To determine p-FLT-3 expression, leukemia cells were fixed in 1% formaldehyde and permeabilized by resuspending them for 30 min in ice-cold 90% methanol. After this, cells were washed twice in the blocking buffer [PBS (1ϫ), containing 0.5% BSA] and then incubated for an additional 10 min at room temperature in the blocking buffer. Next, either 0.4 g of monoclonal antibody to p-FLT-3 or the isotype control antibody (IgG2b; Caltag) were added, and the cells incubated for 30 min, rinsed twice in the blocking buffer, followed by incubation with the FITC-conjugated secondary antibody (Molecular Probes). After 30 min of incubation, cells are washed twice with PBS (1ϫ) and resuspended in 400 l g of PBS (1ϫ). The fluorescence was analyzed by FACScan Cytometer (San Jose, CA).
Western Analyses of Proteins. Western analyses were performed using specific antisera or monoclonal antibodies according to previously reported protocols (17, 18) . Horizontal scanning densitometry was performed on Western blots by using acquisition into Adobe Photoshop (Apple, Inc., Cupertino, CA) and analysis by the NIH Image Program. The expression of ␤-actin was used as a control for protein loading.
Immunoprecipitation of FLT-3. After the designated treatments, cells were lysed in the lysis buffer [20 mM Tris (pH 8), 150 nM sodium chloride, 1% NP40, 0.1 M sodium fluoride, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2.5 g/ml leupeptin, and 5 g/ml aprotinin] for 30 min on ice and the nuclear and cellular debris cleared by centrifugation. Cell lysates (200 g) were incubated with the FLT-3-specific polyclonal antibody for 1 h at 4°C. To this, washed protein A-agarose beads were added and incubated overnight at 4°C for 2 h. The immunoprecipitates were washed three times in the lysis buffer, and proteins were eluted with the SDS sample loading buffer before the immunoblot analyses with specific antibodies against hsp90, hsp70, ubiquitin, or FLT-3 (14) .
Preparation of Detergent-Soluble and -Insoluble Fractions.
After the designated drug treatments, cells were lysed with TNSEV buffer [50 mM Tris-HCl (pH 7.5), 2 mM EDTA, 100 mM NaCl, 1 mM sodium orthovanadate, 1% NP40 containing 20 g/ml aprotonin, 20 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 25 mM NAF, and 5 mM N-ethylmaleimide; Ref. 16] . The insoluble fraction (pellet) were solubilized with SDS buffer [80 mM Tris (pH 6.8), 2% SDS, 100 mM DTT, and 10% glycerol]. Fifty g of proteins from the NP40-soluble and -insoluble fractions were separated on 7.5% SDSpolyacrylamide gel and analyzed by Western blotting (16) .
Electrophoretic Mobility Shift Assay for STAT5a. Untreated or 17-AAG-and/or PKC412-treated cells were lysed, nuclear extracts were obtained, and the electrophoretic mobility shift assay for the DNA binding activity of STAT5a was performed, as described previously (15) .
Statistical Analysis. Significant differences between values obtained in a population of leukemic cells treated with different experimental conditions were determined using the student t test. Ps of Ͻ0.05 were assigned significance.
RESULTS

17-AAG Treatment Attenuates pFLT-3 and FLT-3 and Its
Downstream Signaling through p-STAT5, p-AKT, and p-ERK1/2 in MV4-11 Cells. On the basis of the recent studies that FLT-3 is a client protein chaperoned by hsp90, we first compared the effect of the hsp90 inhibitor 17-AAG on the levels of the hsp90 client proteins, including mutant FLT-3 and AKT. Additionally, we determined the effects of 17-AAG on the levels of p-STAT5, p-AKT, and p-ERK1/2 in MV4-11 versus RS4-11 cells. As previously shown in other leukemia cell types (16, 20) , exposure to 0.1-1.0 M 17-AAG markedly induced hsp70 levels in a dose-dependent manner, both in MV4-11 and RS4-11 cells (Fig. 1A) . Treatment with 0.25-1.0 M 17-AAG for 4 h markedly attenuated the mutant FLT-3 and p-FLT-3 levels in MV4-11 cells. In contrast, the exposure to 17-AAG did not decrease the wild-type FLT-3 levels in RS4-11 cells. Treatment with 17-AAG also attenuated p-STAT5 and p-AKT levels, more in MV4-11 than in RS4-11 cells (Fig. 1A) . Longer exposure to 250 nM 17-AAG for intervals up to 24 h inhibited FLT-3, p-STAT5, and p-AKT more in MV4-11 than in RS4-11 cells (data nor shown). Also, p-ERK1/2 levels considerably declined in MV4-11 cells after treatment with Ͼ500 nM 17-AAG (Fig. 1A) . In contrast, untreated RS4-11 neither expressed p-FLT-3 nor p-ERK1/2 ( Fig. 1A) , but exposure to 500 nM 17-AAG down-modulated p-AKT in RS4-11 cells (Fig. 1A) . Importantly, exposure to 250 nM 17-AAG for 4 -16 h also inhibited the DNA binding activity of STAT5a more in MV4-11 (Fig. 1B) than RS4-11 cells (data not shown). In MV4-11 cells, this was associated with down-regulation of STAT5-transactivated c-Myc (Fig. 1A) and oncostatin M levels (data not shown; Ref. 21 ).
PKC412 and 17-AAG Induce Cell Cycle G 1 -Phase Accumulation and Apoptosis of MV4-11 Cells. Next, we determined the effect of 17-AAG or PKC412 on cell cycle status and apoptosis of MV4-11 versus RS4-11 cells. Data in the table in Fig. 2A show that treatment with 17-AAG for 24 h significantly increased, in a dose-dependent manner, the percentage of MV4-11 more than RS4-11 cells in the G 1 phase of the cell cycle. This was associated with concomitant decline in the percentages of 17-AAG-treated cells in the S and G 2 -M phases of the cell cycle, again, more in MV4-11 than RS4-11 cells. In addition, exposure to 0.1-1.0 M 17-AAG for 48 h induced, in a dose-dependent manner, more apoptosis of MV4-11 than RS4-11 cells (increase in the percentage of annexin V positive cells; P Ͻ 0.01; Fig.  2B ). This was also associated with marked induction of poly(ADPribose) polymerase cleavage activity of the caspases in MV4-11 but not in RS4-11 cells (data not shown). These findings are similar to those observed after treatment of MV4-11 cells with the FLT-3 kinase inhibitor, PKC412. As shown in Fig. 3A , exposure of MV4-11 cells to MV4-11 than RS4-11 cells (P Ͻ 0.05). Treatment with 100 nM PKC412 also resulted in attenuation of p-FLT-3, p-AKT, p-ERK1/2, and p-STAT5a levels in MV4-11 ( 
-FLT-3 significantly (P Ͻ 0.05) more than treatment with either agent alone (Fig. 4) . In contrast, after treatment with the combination of 17-AAG plus PKC412, the decline in FLT-3 expression was not significantly more than that observed after exposure to 17-AAG alone (P Ͼ 0.05). Although the mechanism underlying this is unclear, the combination of 17-AAG and PKC412 also lowered the expression of FLT-3 more than treatment with 17-AAG alone (Fig. 4) . Data presented in Fig. 4 are representative of three experiments.
17-AAG Inhibits Chaperone Association of hsp90 with FLT-3, Promoting Its Poly-Ubiquitylation and Proteasomal Degradation. We next determined the effect of 17-AAG on the chaperone association of FLT-3 with hsp90. As shown in Fig. 5A , treatment with 100 or 250 nM 17-AAG for 4 or 8 h significantly disrupted the chaperone association of FLT-3 with hsp90, thereby shifting the binding of FLT-3 from hsp-90 to a cochaperone complex that included hsp70 (11, 12) . Consistent with this, as has been demonstrated for the other client proteins of hsp-90, e.g., Bcr-Abl and c-Raf, treatment with 17-AAG directed FLT-3 to polyubiquitylation, which is shown in Fig. 5B as increased poly-ubiquitylation of proteins in the immunoprecipitates of FLT-3. Treatment of MV4-11 cells with the proteasome inhibitor ALLnL, which blocked their proteasomal degradation, also increased the amount of poly-ubiquitylated proteins (Fig. 5B ). In addition, as compared with either treatment alone, cotreatment with 17-AAG and ALLnL increased accumulation of the poly-ubiquitylated proteins in the immunoprecipitates of FLT-3 (Fig.  5B ). After treatment with 17-AAG, the disruption of the chaperone association between FLT-3 and hsp90 also resulted in the significant increase of FLT-3 in the detergent (NP40)-insoluble fraction, with concomitant significant decline in the detergent-soluble fraction of MV4-11 cells. This would lead to the degradation of poly-ubiquitylated FLT-3 by the 26S proteasome (Fig. 5, B and C) . Cotreatment with ALLnL, while increasing the accumulation of FLT-3 in the detergent-insoluble fraction, restored 17-AAG-mediated decline in the detergent-soluble fraction of MV4-11 cells (Fig. 5C) .
Cotreatment with 17-AAG and PKC412 Exerts Synergistic Cytotoxic Effects and Markedly Attenuates STAT5 DNA Binding Activity in MV4-11 Cells. We next determined the apoptotic effects of 17-AAG and PKC412 in MV4-11 cells. Fig. 6A shows that as compared with treatment with 50 or 100 nM 17-AAG or 20, 50, or 100 nM PKC412 alone for 48 h, the combined treatment with 17-AAG and PKC412 induced more apoptosis of MV4-11 cells. Additionally, cotreatment with 100 nM PKC412 and 100 nM 17-AAG for a shorter interval of 24 h induced more apoptosis than treatment with either agent alone (percentage of apoptosis in untreated control cells: 5.2 Ϯ 0.8; treated with 17-AAG: 13.2 Ϯ 1.4; PKC412: 27.9 Ϯ 2.5; and 17-AAG plus PKC412: 41.8 Ϯ 2.2). The combination also induced more poly(ADP-ribose) polymerase cleavage activity of the effector caspases associated with apoptosis (Fig. 7A) . Importantly, exposure to the combination of 17-AAG and PKC412 exerted synergistic apoptotic effect in MV4-11 cells, as determined by the median dose effect analysis, which revealed combination index values of Ͻ1.0 (Fig. 6B) . As compared with either agent alone, cotreatment with 17-AAG (100 nM) and PKC412 (50 nM) was associated with more decline in the expression of p-FLT-3, p-STAT5, p-AKT, and p-ERK1/2 in MV4-11 cells (Fig. 7A) . As compared with the untreated MV4-11 cells, treatment with 100 nM 17-AAG and 50 nM PKC412 attenuated the DNA binding of STAT5a by ϳ27 and 80% (relative density of 1.0 versus 0.73 and 0.20 by densitometry of the bands; Fig.  7B ). Combined treatment with 17-AAG and PKC412 almost completely inhibited the DNA binding activity of STAT5a (Fig. 7B) . These results are representative of two separate experiments and are consistent with the greater decline in the p-FLT-3 and p-STAT5 levels due to treatment with the combination (Fig. 7A) . The decline in STAT5 activity was also associated with greater attenuation of the levels of c-Myc and oncostatin M (Fig. 7A) .
Cotreatment with 17-AAG and PKC412 Causes More Attenuation of p-FLT-3 and Apoptosis of Primary AML Cells with FLT-3 Mutation Than either Agent Alone. We next determined whether the combination of 17-AAG and PKC412 versus either agent alone would also have superior activity against primary AML cells isolated from the peripheral blood and/or bone marrow samples from four patients with AML in relapse. Although not shown, sample no. 1 cells contained a duplication of a 51-bp sequence (from bp 1837 to 1887) and sample no. 2 cells contained a point mutation D835Y in FLT-3. Samples nos. 3 and 4 contained the wild-type FLT-3 (data not shown). The table in Fig. 8A indicates that in sample nos. 1 and 2, cotreatment for 48 h with 17-AAG (250 nM) and PKC412 (100 or 500 nM) resulted in a markedly higher percentage of nonviable cells than treatment with either agent alone (values represent mean of two experiments performed in duplicate). In contrast, this was not the case in sample nos. 3 and 4. Although exposure to 17-AAG slightly increased the percentage of nonviable cells in a dose-dependent manner in sample nos. 3 and 4, this was clearly less than in sample nos. 6 . Cotreatment with 17-allylamino-demethoxy geldanamycin (17-AAG) and PKC412 induces more apoptosis and exerts synergistic cytotoxic effects in MV4-11 cells. A, MV4-11 cells were treated with the indicated concentrations of 17-AAG and/or PKC412 for 48 h. After this, the percentage of annexin V-stained apoptotic cells was determined by flow cytometry. B, using CalcuSyn software (Biosoft), the analysis of the doseeffect relationship for 17-AAG and/or PKC412-induced loss of viability was performed according to the median effect method of Chou and Talalay, and the combination index (CI) values were calculated for three independent experiments. CI Ͻ 1, CI ϭ 1, and CI Ͼ 1 represent synergism, additivity, and antagonism of the two agents, respectively.
After treatment with 17-AAG, Western blot analyses of the total cell lysates of sample no. 1 showed a dosedependent 17-AAG-mediated attenuation of the levels of the FLT-3, p-FLT-3, p-STAT5, p-AKT, and AKT levels, without significant alteration in STAT5 and p-ERK1/2 and ERK1/2 (data not shown). 17-AAG induced hsp70 levels in the primary leukemia cells (Fig. 8B) . Additionally, after cotreatment with 17-AAG and PKC412, Western blot analyses of the total cell lysates of sample no. 1 showed a greater decline in the p-FLT-3 and FLT-3 levels than treatment with either agent alone (Fig. 8C) . These data corroborate the results of the studies in the cultured leukemia cells.
DISCUSSION
MV4-11 cells contain an internal tandem duplication of a 30-bp long internal tandem duplication in the exon 14 of FLT-3, which is representative of the activating mutations that result in autophosphorylation of FLT-3 in AML (10) . Present studies clearly demonstrate that exposure to 17-AAG, in a dose-dependent manner, reduces the levels of p-FLT-3 and FLT-3 in MV4-11 more than the levels of the wild-type FLT-3 in RS4-11 cells. 17-AAG-mediated attenuation of the p-FLT-3 was most likely caused by inhibition of its autophosphorylation, although it could also be caused by 17-AAG-induced activity of a phosphatase involved in dephosphorylation of FLT-3. Previous studies have shown that the autophosphorylation and binding of the cytosolic domain of FLT-3 to the p85 subunit of PI3K, GRB2, SRC and SHC results in the activation of Ras-Raf-ERK1/2, PI3K-AKT, and STAT5 signaling pathways, which promote cell growth and survival (1, 2, 22) . In addition, presence of mutant FLT-3 has been significantly correlated with constitutive activation of STAT5 (1, 2, 23) . The importance of STAT5a in this signaling is highlighted by the observations that FLT-3 ligand is able to induce proliferation of STAT5a ϩ/ϩ or STAT5b Ϫ/Ϫ but not of STAT5aϪ/Ϫ hematopoietic progenitor cells (24) . Present studies also clearly demonstrate that treatment with 17-AAG results in greater attenuation of p-STAT5, p-AKT, and p-ERK1/2 levels in MV4-11 than RS4-11 cells. 17-AAG also inhibited STAT5 DNA binding in MV4-11cells. Recently, FLT-3-STAT5 pathway was shown to be a potential target for therapy in AML with mutations in . Because treatment with 17-AAG attenuated pSTAT5, p-AKT, and p-ERK1/2 levels in primary AML cells with mutant FLT-3, 17-AAG promises to be an effective component of novel therapy of AML.
Importantly, as compared with either agent alone, co-treatment with 17-AAG and PKC412 produced more decline in pSTAT5, p-AKT, and p-ERK1/2 levels in MV4-11 cells. Additionally, cotreatment with 17-AAG and PKC412 also inhibited DNA binding of STAT5. A marked decline in the genes downstream of STAT5a that promote cell proliferation and survival, e.g., c-Myc, Pim-2, and oncostatin M, coupled with the decline in the levels of p-AKT and p-ERK1/2 may be responsible for the synergistic apoptotic effects observed after treatment with the combination of 17-AAG and PKC412 (20, 21) . Recently, FLT-3 mutations have also been discovered in patients with acute lymphoblastic leukemia with mixed lineage leukemia (MLL) rearrangements, and PKC412 was also shown to have activity against this type of acute lymphoblastic leukemia (25) . This suggests that the combination of 17-AAG and PKC412 may also have efficacy against acute lymphoblastic leukemia with MLL rearrangements. Recently, it was shown that diverse mutations in FLT-3 could have different sensitivity to the various FLT-3 kinase inhibitors currently being evaluated against AML (26) . In light of this, cotreatment with 17- AAG and PKC412 may potentially be more effective than treatment with a FLT-3 tyrosine kinase inhibitor alone against AML or acute lymphoblastic leukemia with FLT-3 mutations. Individually, 17-AAG and PKC412 also appear to be relatively more toxic to leukemia than normal bone marrow progenitor cells and thus far have not exhibited in vivo dose-limiting toxicity in the bone marrow (1, 27, 28) . However, the in vitro and in vivo cytotoxic effects of 17-AAG and PKC412 against normal human bone marrow progenitor cells remain to be fully evaluated.
Similar to FLT-3, Bcr-Abl tyrosine kinase is a client protein for hsp90, and it is noteworthy that 17-AAG-mediated inhibition of hsp90 promotes proteasomal degradation and attenuation of the mutant form of Bcr-abl, which is resistant to imatinib more than the wild-type Bcr-Abl (15, 16, 29) . In the present studies, a similar increased sensitivity to 17-AAG-mediated attenuation of FLT-3 LM was observed in MV4-11, as compared with the wild-type FLT-3 in RS4-11 cells. This may be because the mutant FLT-3 (also mutant Bcr-Abl) is more dependent on hsp90 for retaining a mature, stable, and functional conformation than the wild-type FLT-3. This would explain why 17-AAG-mediated inhibition of hsp90 could direct FLT-3 LM to poly-ubiquitylation and proteasomal degradation to a greater extent than wild-type FLT-3. Furthermore, it is also possible that AML cells that contain FLT-3 LM are more dependent on its progrowth and prosurvival signaling. This could be responsible for the synergistic apoptotic effects observed following marked attenuation of p-FLT-3 and its downstream signaling due to treatment of MV4-11 cells with 17-AAG and PKC412. It is noteworthy that PKC412 is also known to inhibit the isoforms ␣, ␤, and ␥ of protein kinase C (30) . Consistent with this 17-AAG has also been shown to synergize with UCN-01 against leukemia cells (31) .
A flow cytometry-based assay described here was used to measure the effect of 17-AAG and/or PKC412 on the expression of the surface FLT-3, as well as on the p-FLT-3 levels. Although treatment with 17-AAG reduced both the surface expression of FLT-3 and the intracellular levels of p-FLT-3, PKC412 treatment only inhibited the levels of p-FLT-3 in MV4-11 cells. Importantly, treatment with the combination of 17-AAG and PKC412 attenuated the expression p-FLT-3 more than treatment with either agent alone. Although the mechanism underlying this is unclear, the combination of 17-AAG and PKC412 also lowered the expression of FLT-3 more than treatment with 17-AAG alone. Although promising, the specificity and reliability of the flow cytometry assay as a surrogate for FLT-3 gene sequencing in primary AML cells remains to be established. If validated, this relatively simple, easy, and inexpensive assay could replace the currently used more labor-intensive molecular sequencing assay for diagnosing the presence of the FLT-3 mutations and serving as a biomarker for the efficacy of anti-FLT-3 strategies in human acute leukemia. In summary, the data presented here strongly suggest that as compared with either agent alone, the combination of 17-AAG and PKC412 exerts greater cytotoxicity against AML cells with FLT-3 mutations. Because treatment with 17-AAG is known to lower a number of signaling molecules in addition to and downstream of FLT-3 (10, 11) , the inclusion of 17-AAG in this anti-AML regimen may especially enhance its activity against AML cells with constitutively active growth and survival signaling pathways (1, 2) . Collectively, these findings generate a strong rationale to investigate the clinical efficacy of the combination of 17-AAG and PKC412 against a variety of hematological malignancies in relapse where the leukemia cells harbor activating LM or tyrosine kinase domain mutations and constitutive activation of FLT-3. 
